To determine the molecular events responsible for the disproportionate accumulation of myocardial fibrillar collagens during sustained hypertension, we examined the in vivo rate of procollagen synthesis, collagen accumulation, and intracellular procollagen degradation 1-16 wk after abdominal aortic banding in young rats. These measurements were correlated with tissue mRNA levels for type I and type III procollagen polypeptides. Banded animals developed moderate, sustained hypertension and mild left ventricular hypertrophy. Increased type III procollagen mRNA levels were detected early after banding and persisted for the entire observation period. Disproportionate collagen accumulation without histological evidence of fibrosis was noted within 1 wk after hypertension induction. Fibrillar collagen accumulation at this time point resulted not from a major increase in procollagen synthesis, but rather a marked decrease in the rate of intracellular procollagen degradation. Interstitial fibrosis, however, was observed 16 wk after banding. Type I procollagen mRNA levels were increased sixfold, but only after 16 wk of hypertension. These results correlated well with the results of in vivo procollagen synthesis experiments at 16 wk, which demonstrated a threefold increase in left ventricular procollagen biosynthesis. We conclude that pretranslational as well as posttranslational mechanisms regulate fibrillar collagen deposition in the myocardial extracellular matrix during sustained hypertension. (J. Clin. Invest. 1993.
Introduction
The myocardial extracellular matrix is organized into an elaborate three-dimensional network that is intimately associated with cardiac function (1) . This complex arrangement of connective tissue provides a stress-tolerant elastic skeleton that serves to direct, transmit, and distribute the contractile force generated by individual cardiac muscle cells and to maintain capillary patency throughout the cardiac cycle (2) . The major components of the cardiac interstitium are fibrillar collagens, which comprise 3-6% of myocardial dry weight and consist mainly of type I and type III collagens. Receivedfor publication 9 July 1992 and in revisedform 2 October 1992.
Whereas a great deal is known about the regulation of contractile protein gene expression by cardiac myocytes, very little information is currently available regarding the regulation of procollagen gene expression by cardiac fibroblasts. It is these nonmuscle cells (rather than cardiac myocytes) that are believed to be exclusively responsible for the production and deposition of fibrillar collagens within the cardiac extracellular matrix (3) . Cardiac fibrillar procollagen genes are expressed throughout adult life, and their products are continuously synthesized and degraded, albeit at slow rates (4) . Whereas fibrillar collagens normally accumulate in the cardiac interstitium during aging (5) , a variety of pathophysiological conditions have been associated with disproportionate collagen accumulation and associated abnormalities in contractile function. For instance, cardiac hypertrophy induced by pressure overload in the rat (6-1 1 ) and in the nonhuman primate ( 12) has been associated with disproportionate collagen accumulation and/ or histological evidence of interstitial fibrosis. However, the molecular mechanisms responsible for collagen accumulation during ventricular overload are poorly understood. Chapman et al. (9) demonstrated increased mRNA levels for a2(I), and al (III) procollagen polypeptides in the rat myocardium during the first week after abdominal aortic coarctation. Villarreal and Dillmann ( 11) showed a similar transient increase in left ventricular (LV)' procollagen mRNA levels (preceded by increased mRNA's encoding TGF3, and the IIIA+ isoform of fibronectin) immediately after thoracic aortic banding. However, collagen accumulation and interstitial fibrosis (as detected by immunofluorescence light microscopy) was observed only at much later stages ofexperimental hypertension. In fact, procollagen production by noncardiac fibroblasts in culture is known to be regulated at several levels, including posttranscriptional, translational, and posttranslational steps in gene expression (for review see reference 13) . Indeed, an interesting aspect of the biosynthesis, processing and turnover of fibrillar collagens, is that a significant proportion ( 10-90% in various cell culture systems and in vivo) of newly synthesized procollagens undergo rapid degradation before or soon after their secretion (4, 14) . Thus there are numerous potential sites for the regulation of cardiac fibrillar collagen accumulation in both the normal and pressure-overload heart.
In the present report we have examined the relationships between mRNA levels encoding cardiac fibrillar procollagen polypeptides, in vivo procollagen synthesis, and collagen accumulation 1-1 6 wk after imposition of LV pressure overload in the juvenile rat. In contrast to previous studies of procollagen gene expression during pressure overload, younger animals were used to produce a more gradual onset of sustained hypertension to minimize acute myocardial injury. More impor-tantly, we have used a modification ( 1 5) ofthe proline flooding infusion method ( 16) to assess cardiac procollagen synthesis in vivo and to relate alterations in mRNA levels to changes in procollagen production and accumulation over time. This biosynthetic labeling method allows for the accurate measurement of procollagen synthesis in the intact animal, as well as an estimate of the proportion of newly synthesized cardiac procollagens subject to rapid intracellular degradation (4) . Thus the amounts of fully processed collagens that are ultimately secreted and deposited in the extracellular space can be determined ( 15) . Evidence is presented in this report to indicate that alterations in procollagen synthesis and intracellular degradation are both important in the complex regulatory events responsible for cardiac extracellular matrix remodeling during sustained hypertension.
Methods
Reagents. L- [2,3-3H] Tissuefixationfor light and electron microscopy. Anesthetized animals were injected via the inferior vena cava with heparin (100 U/ 100 g body wt) followed by 1 ml of 3.3 M KCl to induce diastolic arrest and processed as previously described (22 plished by cation-exchange HPLC (26) . Fractions (I ml) containing the ['4C] hydroxyproline internal standard were identified by doublelabel scintillation counting and corrected for recovery of3H-radioactivity. Data were expressed as dpm of 3H-Pro-OH per g wet wt for both tissue-free and protein-bound pools. The total tissue hydroxyprolinespecific radioactivity (P*, dpm/nmol) was then calculated as follows:
Calculation oftotal L Vprocollagen synthetic and degradative rates.
LV procollagen fractional synthetic rates (K5, %/d) were calculated using the following equation ( 15) 
Results
Suprarenal aortic coarctation produced hypertension and mild L V hypertrophy. As seen in Fig. 1 Suprarenal aortic coarctation produced disproportionate LVcollagen accumulation. LV total protein concentration was relatively constant over time in both groups (160-180 mg/g wet wt), indicating that the modest increase in LV mass observed in banded compared with sham-operated animals was the result of an increased rate oftotal protein accumulation (P < 0.001 for factor hypertension, two-way ANOVA) (Fig. 2 A) . LV DNA content (Fig. 2 B) in both normotensive and hypertensive animals increased with increasing age (P < 0.0001 for factor age, two-way ANOVA). However, mean LV DNA content was consistently greater in banded animals at each time point. These data indicated that, in the absence of significant myocytic polyploidy, some degree on nonmuscle cellular hyperplasia occurred in both groups (banded > sham) (P < 0.001 for factor hypertension, two-way ANOVA). The cellular hyperplasia in both sham and banded animals was associated with an age-dependent increase in LV collagen content (P < 0.0001 for factor age, two-way ANOVA) and an age-dependent increase in the relative concentration of LV collagenous proteins (Fig. 2 C) . LV collagen content of banded animals was consistently greater than sham-operated controls at each time point (P < 0.001 for factor hypertension, two-way AN-OVA). Furthermore, collagens accumulated disproportionately within 1 wk after banding (2.5±0.1 vs. 1.7±0.2% of total LV protein for banded vs. sham-operated rats, respectively; P < 0.05, unpaired t test). Differences in the percent ofLV collagenous proteins disappeared within 2 wk after suprarenal banding, only to reappear 16 wk after surgery. Prolonged hypertension ultimately produced a 62% increase in LV collagen content and a 63% increase in the percent of total LV proteins that were collagens.
Suprarenal aortic coarctation produced late interstitial fibrosis. Despite the disproportionate collagen accumulation observed within 1 wk after banding, the histological appearance (using light and transmission electron microscopy) of LV myocardium was relatively normal (Fig. 3 B and 4 B) . There was no evidence of muscle cell injury, myocytolysis, or inflammation in pressure-overloaded animals. The only histological difference noted between sham and banded animals at this time point was the apparent increase in the number of tissue mast cells surrounding small blood vessels (Fig. 4 B) . In contrast, numerous focal areas of LV perivascular and interstitial fibrosis were readily apparent 16 wk after suprarenal coarctation (Figs. 3 D and 4 D) . Increased numbers oftissue mast cells were still apparent, but many showed evidence of degranulation at the site of myocyte loss and reparative fibrosis (Fig. 4  D) . Similar pathological findings associated with long-standing hypertension have been observed by other investigators (8) (9) (10) 12) . those observed in sham-operated controls. As seen in Fig. 5 , steady state mRNA levels for a1 (I) and ac (III) procollagen polypeptides (representing the major fibrillar collagen types in ventricular myocardium) appeared to be increased 1 wk after aortic coarctation. These results confirm previous findings of Chapman et al. (9) using a similar banding protocol, as well as the results of Villareal and Dillman ( 11) using thoracic aortic banding in adult rats. However, mRNA levels for GAPDH (which encodes a constitutively expressed glycolytic enzyme present in both the muscle and nonmuscle cell populations of the heart) was also increased in banded versus sham-operated animals. When the abundance of the procollagen transcripts was normalized to differences in the abundance of this arbitrary mRNA, differences in procollagen mRNA levels between 1 -wk sham and banded animals were considerably reduced. To further compare relative mRNA levels in sham versus banded animals at the different time points examined ( 1, 4, and 16 wk), the same densitometric analysis was performed on films derived from a single Northern blot (containing RNA isolated from three to four animals in each group at each time point). The blot was subsequentially hybridized with the al (I), al(III), and GAPDH cDNA probes, and the results are depicted in Fig. 6 . As is evident in Fig. 6 A, a, (I) mRNA levels (relative to GAPDH mRNA) in sham-operated animals declined with increasing age. In contrast, a1 (I) mRNA levels in banded animals were similar to sham-operated controls at 1 and 4 wk after surgery, but were six-to sevenfold greater at 16 wk. In addition, normotensive rats demonstrated a relatively constant level of a1I (III) mRNA expression, whereas hypertensive rats showed a consistent increase in the level ofthis procollagen transcript at each time point examined (Fig. 6 B) . In summary, changes in procollagen mRNA levels varied with both age and the presence ofsustained hypertension. Although LV a1 (III) mRNA expression was consistently elevated in response to pressure overload, a1I (I) mRNA levels were increased only after many weeks after abdominal aortic coarctation, and at a time when muscle damage and interstitial fibrosis were readily apparent.
In vivo procollagen synthesis and intracellular procollagen degradation during L Vpressure overload. To further examine the relationships between myocardial collagen content and steady state mRNA levels for procollagen polypeptides during LV pressure overload, the proline constant infusion method ( 15, 16, 24) was used to assess procollagen biosynthesis at 1, 4, and 16 wk after suprarenal aortic coarctation. As seen in Table   II , procollagen synthetic rates (Rs; gg/d per LV) in sham versus banded animals were similar 1 and 4 wk after aortic coarctation. However, there was a profound increase (threefold) in procollagen synthetic rate 16 wk after surgery in the banded animals as compared with controls. These data correlated reasonably well with the relative mRNA levels for LV procollagen polypeptides when normalized to GAPDH mRNA (Fig. 6 ) and with the disproportionate collagen accumulation and interstitial fibrosis observed 16 wk after the onset of sustained hypertension.
However, differences in relative procollagen mRNA levels and procollagen synthetic rates did not appear to account for the initially large difference in collagen content between sham and banded animals observed 1 wk after aortic banding. Analy tissue-free pool in both l-wk banded and sham-operated controls indicated a major reduction in the fraction of newly synthesized procollagens subject to rapid intracellular degradation (Fr) . As seen in Table II 
Discussion
Increased collagen deposition and ultrastructural changes in the connective tissue skeleton of LV myocardium has long been considered a causative factor for alterations in cardiac mechanical properties associated with human hypertension and ventricular hypertrophy (6) . A variety of experimental animal models have been useful in simulating many of the structural and functional changes associated with human hypertension, with the aim ofidentifying the cellular mechanisms responsible for the increased deposition ofcollagenous proteins within the cardiac extracellular matrix of hypertensive patients. As is true for the myofibrillar protein subunits ofindivid- subsequently disappeared as other tissue protein components accumulated. On the basis of the results of our biosynthetic labeling experiments, increased procollagen production during this early phase resulted predominantly from an alteration in the rate of intracellular procollagen degradation rather than a markedly increased rate of procollagen synthesis. Perivascular and interstitial fibrosis (along with disproportionate collagen accumulation and markedly increased procollagen synthetic rates) were observed only after 16 wk of sustained hypertension. In this respect, this animal model more faithfully simulated the connective tissue changes of human myocardium subjected to untreated hypertension. Capasso et al. (10) ual muscle cells, alterations in the rates ofaccumulation Type I and Type III collagens within the cardiac extracellular matrix must occur because of an imbalance between the rate at which these proteins are synthesized and the rate at which they are degraded. Little information is currently available regarding the regulation of fibrillar procollagen synthesis and turnover by cardiac interstitial cells. Previous reports have indicated that both humoral (28) (29) (30) and mechanical factors (31) may be important in regulating steady state mRNA levels encoding fibrillar procollagen genes by cardiac fibroblasts in culture. However, the relationships between tissue procollagen mRNA levels and rates of procollagen biosynthesis and degradation within the LV myocardium in vivo has not been previously explored. On the basis ofthe data provided in this report, collagen accumulation during normal growth and disproportionate collagen accumulation associated with sustained hypertension may be regulated at a variety of points along the biosynthetic pathway responsible for the deposition of these long-lived extracellular matrix proteins. Nonocclusive abdominal aortic coarctation in the juvenile rat provided a reliable method for producing moderate sustained hypertension without the acute myocardial injury associated with other forms of experimental pressure overload. In contrast to previous studies of extracellular matrix remodeling in LV pressure overload produced by thoracic aortic banding (32, 33) , we found no histological evidence of myocyte injury, necrosis, or replacement fibrosis within the first week after abdominal aortic coarctation. Although an increase in the relative concentration of myocardial collagens was evident soon after imposition of the LV pressure overload, these differences B. a1(III) I GAPDH (34) , these differences were much less apparent. In contrast, normalization of the data in this fashion revealed a much larger increase in Type I procollagen mRNA 16 wk after banding and a persistent increase in mRNA abundance for Type III procollagen throughout the observation period. We believe that normalization of procollagen mRNA levels to a "housekeeping gene" mRNA (such as GAPDH) provides a clearer picture of the regulatory events responsible for procollagen gene expression in the pressure-overloaded heart (35) . In this way, other factors, such as differences in the efficiency of tissue mRNA extraction, differences in the concentration of nucleases in fibrotic versus nonfibrotic myocardium, and differences in the relative concentrations of ribosomal versus total mRNAs during LV pressure overload, are accounted for (34) .
On the basis of this quantitative analysis of mRNA abundance, we conclude that both pre-and posttranslational mechanisms are responsible for the increased collagen accumulation observed at various stages of LV pressure overload. The flooding infusion results corroborated these findings, as alterations in procollagen intracellular degradation (Fr) appeared to be a major factor in the increased collagen production detected early in sustained hypertension. It should be pointed out, however, that the estimation of procollagen synthetic and intracellular procollagen degradative rates by this technique is dependent upon a number of theoretical and practical assumptions, as outlined by McAnulty and Laurent (24) and Karim et al. ( 15 ) . Nevertheless, a similar decrease in procollagen Fr was noted by Laurent et al. (36) during skeletal muscle hypertrophy and by Turner et al. (37) during RV hypertrophy after bleomycin-induced lung injury. At present, little is known about the intracellular sites and regulatory events that might modify the susceptibility of newly synthesized procollagens to intracellular proteolysis in vivo. Recently, Nakai et al. (38) found that a molecular chaperone (HSP47) is involved in procollagen assembly and transport within the endoplasmic reticulum of collagen-producing cells. Binding of this protein to Type I procollagen was enhanced by heat stress and treatment with a,a'-dipyridyl, which inhibited stable triple-helix formation. Whether these interventions also altered procollagen Fr is not known, but the role of HSP47 in intracellular procollagen degradation by cardiac fibroblasts in vivo and in vitro requires further study.
Our observation that al (III) procollagen mRNA levels were persistently increased in pressure-overloaded myocardium is interesting in light of recent observations by Carver et al. (31) , who demonstrated the preferential expression of a1 (III) procollagen mRNA and protein by mechanically stimulated cardiac fibroblasts in culture. Our results also provide an explanation for the previously noted increase in the relative proportion ofType III collagen in pressure-overloaded rat (39) and macaque ( 12) myocardium and indicate that these in vivo changes were also partly regulated at the pretranslational level.
Additional studies are needed, however, to determine whether mechanical factors directly regulate al (III) procollagen mRNA stability and/or transcriptional rate in these collagenproducing cells and to identify all of the steps responsible for mechanochemical signal transduction in cardiac fibroblasts.
We provide clear evidence that the interstitial fibrosis associated with untreated long-standing hypertension is due to a markedly increased rate of procollagen biosynthesis occurring only after many months of pressure overload. Increased procollagen synthetic rates correlated reasonably well with the late increase in mRNA levels for a1(I) procollagen polypeptide, indicating a substantial increase in the expression of this gene by cardiac fibroblasts. Of note, the relative increase in the level of this transcript (and to a much lesser extent a1,[III] mRNA) far exceeded the rather modest increase in LV DNA content and degree of LV hypertrophy, suggesting the "activation" of Type I procollagen synthesis rather than a major increase in the number of collagen-producing interstitial cells. The mechanisms underlying the deposition of Type I collagen by cardiac fibroblasts are unknown but are likely to be related to reparative fibrosis and "healing" at sites of myocyte necrosis. A potential candidate for mediating this local response is TGF-31, which is present in significant amounts in normal and hypertrophied rat heart myocytes (40, 41 ). Release of intracellular stores of TGF-#3 accompanied experimental myocardial infarction following coronary ligation (40). Activation of latent TGF-f3, by cellular proteinases in the extracellular space may also occur in response to myocyte injury (42) . This peptide has also been shown to increase Type I procollagen mRNA abundance in cultured cardiac fibroblasts (29) , presumably by stimulating a I(I) gene transcription (43) .
Finally, it should be pointed out that increased cardiac procollagen biosynthesis occurs in other forms of hemodynamic overload producing LV hypertrophy that are not associated with interstitial fibrosis. In a previous report from this laboratory ( 15 ), we demonstrated a threefold increase in LV procollagen production after 8 wk of daily thyroxine administration to juvenile rats. Although thyroid hormone administration produced hemodynamic overload and LV hypertrophy, protein-bound Pro-OH concentration in LV tissue actually decreased (rather than increased). The absence ofdisproportionate collagen accumulation and interstitial fibrosis despite markedly increased procollagen synthesis was due to the absence of muscle cell injury and to accelerated turnover of fully processed collagens in the extracellular matrix ( 15) . It is conceivable that alterations in extracellular degradation of fully processed cross-linked collagens may have also contributed to disproportionate collagen accumulation and interstitial fibrosis during abdominal aortic coarctation. Nevertheless, distinct differences in procollagen metabolism characterize "physiological" versus "pathological" hypertrophy, which may be independent of the degree of hemodynamic overload and the level of procollagen gene transcription.
